Closed vascular injuries have danger of developing critical tissue ischemia with a high risk of amputation and limb loss. However, limited effective strategies exist at present. In this study, we investigate the role of hepatocyte growth factor (HGF) on apoptosis of vascular endothelial cells (VECs). First, apoptosis of VECs was induced by hypoxia treatment with or without HGF. Annexin V-7AAD apoptosis assay revealed that HGF overexpression significantly reduced VEC apoptosis. Then a closed peripheral vascular injury animal model was created by balloon catheter in female New Zealand rabbit. The VECs overexpressing HGF were injected into balloon injury rabbit. TUNEL and caspase 3 staining assays revealed that balloon catheter-treated artery showed severe intimal hyperplasia, with a 70% apoptosis rate (P < 0.05, vs. sham group), while HGF-overexpressing group showed a significant reduction of apoptosis. Furthermore, the expressions of Fas/FasL and their downstream apoptosis-related proteins were significantly decreased in HGF-overexpressing group when compared with those in balloon injury group as detected by western blot analysis. All these data indicated that HGF exhibited anti-apoptotic effects during VEC apoptosis, which might be mediated by the inhibition of Fas/FasL pathway. Our study provides a theoretic basis for the application of HGF in the gene therapy of closed peripheral vascular injury.
Introduction
Vascular trauma is a common life threatening injury. If not timely and efficiently managed, it would lead to serious consequences. Thus, vascular injury plays a critical role in increased rates of morbidity and mortality [1, 2] . Peripheral vascular trauma makes up 80% of vascular damage manifested by fatal hemorrhagic or limb ischemia. Closed vascular injuries have danger of developing severe tissue ischemia, with a high risk of amputation and limb loss. Penetrating trauma (e.g. bullets and knives), blunt trauma (such as due to motorcycle accidents, falls from heights, etc.), or iatrogenic injuries may lead to extremity vascular injuries [3] [4] [5] .
Cell apoptosis is closely related to the production of cell and tissue injury [6, 7] , and apoptosis of vascular endothelial cell (VEC) represents a main form of VEC injury [8] . Nevertheless, our understanding of the mechanisms underlying endothelial cell apoptosis is still limited. Fas-mediated death receptor pathway is thought to be the main pathway of VEC apoptosis after peripheral vascular injury [9] . Fas/FasL system plays a critical role during apoptosis regulation in several cell types [10] [11] [12] , and could be activated by many factors, such as oxidative stress [13] , drugs [14, 15] , and other stimuli.
According to the mechanism of endothelial cell apoptosis, researchers have been looking for an angiogenic growth factor which can promote the regeneration and inhibit the apoptosis of endothelial cells. Hepatocyte growth factor (HGF), which is the most potent mitogen of hepatocytes, has been shown to be a multifunctional factor involved in cell proliferation, angiogenesis, morphogenesis, anti-inflammation, and motility [16, 17] .
In this study, we aimed to verify if delivering HGF to VECs can ameliorate the apoptosis caused by closed peripheral vascular injury. We found that HGF overexpression significantly reduced VEC apoptosis in hypoxia treatment. Significantly higher levels of VEC apoptosis were detected in balloon catheter-induced peripheral vascular injury in rabbit, while HGF overexpression inhibited the apoptosis of VECs resulted from decreased expressions of apoptosis pathway-related proteins. The decreases in apoptosis-related proteins in endothelial cells were caused by increased levels of HGF, which suppressed the Fas/FasL expression.
Materials and Methods

Animals
Female New Zealand white rabbits (4 kg) were purchased from Nanchang University Experimental Animal Center (Nanchang, China). All animal experiments were approved by the Animal Care and Use Committee of Chongqing Medical University (Chongqing, China).
Primary VEC isolation and culture
VECs were obtained from the thoracic aorta of the female New Zealand white rabbits by a standard enzymatic digestion technique. Briefly, rabbits were anesthetized with pentobarbital sodium (100 mg/kg) by intra-peritoneal injection, and sacrificed. Aortas were isolated, the viscera were dissected away, and the resulting cleaned vessel was digested with collagenase and elastase (SigmaAldrich, St Louis, USA) to remove the adventitia and separate the VECs. Isolated cells were grown in Dulbecco's modified Eagle's medium (DMEM; GIBCO BRL, Grand Island, USA) supplemented with 10% fetal bovine serum (GIBCO BRL), 100 μ/ml penicillin, 100 μg/ml streptomycin, 8 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 2 mM L-glutamine at 37°C in a humidified incubator containing 95% air and 5% CO 2 .
Lentivirus construction and VEC infection
Total RNA was isolated from VECs using a GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich). cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, USA). The DNA fragment of rabbit HGF was generated by polymerase chain reaction using template cDNA from VECs with primers 5′-ATGATGTGGGGGACCAAACT-3′ (forward) and 5′-TTATGGCTGTGGCACCTTAT-3′ (reverse) (Shenggong, shanghai, China), and was cloned into the pLVX-mCMV-ZsGreen1-Puro vector (KALANG, Shanghai, China). Lentiviruses were prepared by co-transfecting pLVX-mCMV-ZsGreen1-Puro (Lenti-GFP) or pLVX-mCMV-ZsGreen1-Puro-HGF (Lenti-HGF) with pMD2.G and psPAX2 packaging vectors (Addgene, Cambridge, USA) into 293 T cells. The viral supernatants were used to infect VECs. Infection efficiency was analyzed 48 h post-infection using GFP expression by using a fluorescence microscope CKX41 (Olympus, Tokyo, Japan), and the most efficient group was used for further study. About 6 days after infection, VECs were collected for the subsequent experiments.
Cell proliferation assay
HGF-overexpressing VECs were seeded into 96-well plates (2 × 10 4 cells/well). After 1, 2, 3, 4, or 5 days of culture, 10 μl CCK8 (YEASEN, Shanghai, China) was added into each well and the cells were incubated at 37°C for another 1 h. Then optical absorption value at 570 nm was measured by using Berthold Tristar LB941 (Berthold Technologies, Bad Wildbad, Germany) and the data were presented as the mean ± standard deviation (SD), which were derived from triplicate samples of at least three independent experiments. In parallel, cell growth curve was also plotted with cell counts.
Hypoxia treatments of VECs
VECs with or without HGF were seeded into 6-well cell culture plates at a density of 1 × 10 5 cells/ml and synchronized in serumfree DMEM for 2 h. The cells were randomly divided into four groups as follows: (i) control group; (ii) hypoxia group; (iii) HGF group (VECs overexpressing HGF); and (iv) hypoxia combined with HGF group. The control and HGF groups were placed in a normoxic incubator containing 5% CO 2 at 37°C, and the other two groups were cultured in a 37°C incubator containing 5% O 2 , 90% N 2 , and 5% CO 2 . All the experimental groups were cultured under different conditions for 3 h.
Annexin V-PE/7-AAD apoptosis assay 
Animal operation
Rabbits were anesthetized with 20 mg/kg ketamine from ear vein via endotracheal intubation. For antibiotic prophylaxis, penicillin (800,000 U) was provided intramuscularly. For all of the animal groups, a 4-cm length of right common femoral arteries (CFAs) was exposed. An arteriotomy was made distally in the superficial femoral artery. Systemic anticoagulation was achieved with 100 U/kg heparin prior to proximal and distal arterial control. For the balloon injury, the right CFA was exposed as described above, and a 2 F embolectomy catheter (Medtronic Vascular, Santa Rosa, USA) was advanced proximally into the common femoral artery. The balloon catheter was inflated with 12 atm, and the inflated catheter was withdrawn in a stepwise fashion to the entry point with constant rotation. The previous procedure was repeated for a total of three times to create a 3-4-cm area of balloon injury in the proximal CFA. The catheter was then removed and the distal superficial femoral artery was ligated proximal to the arteriotomy site, allowing continued distal flow through the deep femoral artery branch. For the sham group (n = 20), the right CFA was temporally exposed similarly to the other groups. The incision was sutured with 6-0 silk similar to the other groups. For the HGF-overexpressing group (n = 20), a total of 400 μl (1 × 10 8 pfu) Lenti-HGF VECs or Lenti-GFP VECs was injected into the artery several times near the ischemic region 3 days after balloon injury. After injury and treatment of the femoral arteries, the operated right CFA was re-exposed as previously described for harvest. The proximal half of the harvested CFA was flash frozen in liquid nitrogen for later protein analysis, and the distal half was paraffinembedded for later immunostaining.
Immunohistochemical analysis
For immunohistochemical analysis, 5-μm sections of the paraffinembedded CFAs were longitudinally cut at Day 2 from the control, sham, balloon injury groups, or 5 days after VEC injection. All paraffin sections were deparaffinized and rehydrated in a descending alcohol series.
Detection of apoptosis
Apoptosis was detected using TUNEL (Terminal transferase dUTP Nick End Labeling) staining assay kit (Roche Diagnostics, Penzberg, Germany). Briefly, the sections were incubated with proteinase K (Trevigen Inc., Gaithersburg, USA), washed with deionized water, incubated with 3% H 2 O 2 for 5 min, and washed again with deionized water. TUNEL staining was performed according to the manufacturer's instruction provided in the booklet for the in situ cell death detection kit. The apoptotic index was calculated by cellSens Dimension (Olympus, Tokyo, Japan).
Detection of activated caspase 3
Activated caspase 3 was detected by immunofluorescence staining. Antigen unmasking was performed by immersing slides in 0.01 M sodium citrate buffer followed by 0.3% H 2 O 2 in methanol to block endogenous peroxidase activity. To prevent non-specific binding, the sections were immersed in a 3% BSA blocking solution for 1 h at room temperature. For antibody staining, sections were first incubated with 5 μg/ml anti-caspase 3 antibody (ab13847; Abcam, Cambridge, UK) at 4°C overnight, rinsed for 15 min with PBS, a goat polyclonal antibody to rabbit IgG-H&L (Alexa Fluor 488) (ab150077; Abcam) was used for detection at 1:400 dilution as the secondary antibody for 1 h at room temperature and rinsed for a further 15 min with PBS. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and are shown in blue. The sections were then imaged using a confocal laser scanning microscope (Olympus).
Western blot analysis
Tissues were homogenized and sonicated in radio-immunoprecip itation assay lysis buffer (Millipore, Billerica, USA), supplemented with protease and phosphatase inhibitors (Roche Diagnostics, Basel, Switzerland). Proteins (80 μg) were mixed with loading buffer and denatured by boiling for 5 min. The proteins were separated by 4%-13% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane (Millipore, Billerica, USA). After being blocked with 5% non-fat milk, membranes were then incubated with primary antibodies overnight at 4°C, followed by incubation with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. Finally, protein bands were visualized using and enhanced chemiluminescence detection kit (Millipore). The primary antibodies used were: anti-GAPDH (ab8245), anti-beta actin (ab8226), anti-HGF (ab83760), anti-cleaved caspase 3 (ab2302), and caspase 9 (ab2324), antiapoptosis signal-regulating kinase (anti-ASK)-1 (ab131506), antiphospho-JNK (ab47337), anti-Bax (ab32503), anti-Bcl-2 (ab59348), and anti-Bcl-xl (ab32370) antibodies, which were all from Abcam, and anti-cleaved caspase 8 (#9496) antibody which was from Cell Signaling Technology (Danvers, USA).
Statistical analysis
Data are expressed as the mean ± SD, unless stated otherwise. All statistical analyses were carried out using a one-way ANOVA followed by the Student-Newman-Keuls test. Difference was considered to be significant if P < 0.05.
Results
Overexpression of HGF in HGF-transfected VECs
VECs were obtained from the thoracic aorta of female New Zealand white rabbits and cultured in DMEM ( Supplementary  Fig. S1A ). Cell growth curves showed that VECs were wellproliferated after being separated from the thoracic aorta ( Supplementary Fig. S1B ). We observed VECs infected at different multiplicities of infection (MOI) for 48 h by fluorescence microscopy, and found that VECs infected at 200 MOI showed the highest efficiency ( Fig. 1A and Supplementary Fig. S2 ). VECs were transfected with either Lenti-GFP or Lenti-HGF. Cell growth curves showed that HGF significantly increased the VEC proliferation over time (Fig. 1B) . The expression of HGF in the Lenti-HGF group was significantly increased as compared with that in the Lenti-GFP group (P < 0.05), as revealed by western blot analysis (Fig. 1C) . Moreover, our results showed that this overexpression was maintained for at least 4 weeks (Fig. 1D) .
Overexpression of HGF decreased hypoxia-induced VEC apoptosis
VEC apoptosis plays an important role in vascular injury. To investigate the effect of HGF on VEC apoptosis, fluorescence-activated cell sorting analysis by Annexin V-PE/7-AAD staining were then used to examine the effects of hypoxia treatments on VEC apoptosis. About 3 h of hypoxia treatment significantly increased VEC apoptosis, while HGF overexpression resulted in decreased apoptosis compared with control cells (Fig. 2A,B) . Western blot analysis demonstrated that Fas protein level was significantly increased by hypoxia treatment, while HGF overexpression eliminated this degree of increase (Fig. 2C-E) . In accordance with this result, hypoxia treatment resulted in increased Bax and caspase 9 levels and decreased Bcl-2 and Bcl-xl levels in normal VECs. The increase of Bax and caspase 9 was eliminated, and the degree of deceased Bcl-2 was ameliorated by HGF overexpression under hypoxia condition. In addition, the hypoxia-induced decrease of Bcl-xl was not found in HGF-overexpressing VECs (Fig. 2C,E) . All these results indicated that hypoxia-induced VEC apoptosis was attenuated by HGF overexpression, at least partly through the Fas/FasL pathway.
Transplantation of VECs overexpressing HGF decreased intima cell apoptosis
To investigate the anti-apoptosis effect of HGF in vivo, an intima cell apoptosis model was created by balloon injury. We examined the effects of balloon injury on intima cell apoptosis/necrosis by TUNEL staining assay (Fig. 3A) . After 2 days of the balloon injury, the TUNEL-labeling index was significantly greater in the balloon injury group than in the sham group (P < 0.01, Fig. 3B ), indicating that balloon injury increased intima cell apoptosis.
We next examined the effects of transplantation of VECs overexpressing HGF on intima cell apoptosis/necrosis by TUNEL staining assay (Fig. 4A) . After 5 days of the femoral artery injury, the TUNEL-labeling index was significantly greater in the balloon injury group (Lenti-GFP, 70.08 ± 1.45) than in the sham group (3.13 ± 0.53), which was decreased by HGF in the Lenti-HGF group (28.44 ± 2.88, Fig. 4B) . A key mediator of apoptosis, caspase 3, was significantly greater in the balloon injury group than in the sham groups at Day 5, as revealed by immunostaining, which was decreased by HGF overexpression, similar to the TUNEL assay apoptosis data (Fig. 4C) .
To investigate the mechanism of the protective effect by HGF overexpression, we examined the apoptosis-related pathway by western blot analysis. Bcl-xl and Bcl-2 showed a significant decrease in the balloon injured group, compared with sham group. Lenti-HGF group showed a marked increase compared with the Lenti-GFP group at Day 5 (Fig. 5A) . In contrast, caspase 3, caspase 8, and caspase 9 showed a significant increase in the balloon injury group and a decrease in the Lenti-HGF group, compared with the Lenti-GFP group (Fig. 5B) . These results indicated that decreased intima cell apoptosis was associated with the inhibition of Fas/FasL pathway.
We also measured the expression levels of ASK1 and JNK in each group by western blot analysis. As shown in Fig. 5C , overexpression of HGF decreased ASK1 and p-JNK levels in the balloon injury group. These results indicated that ASK1-JNK cascade may play a role in the apoptosis of VECs in response to vascular injury.
Discussion
Peripheral vascular injuries frequently occur in fatal and non-fatal trauma; although the treatments have been significantly improved, such injuries are still important causes for morbidity and mortality. Vascular injury presents a great challenge to the emergency resident, as these injuries require urgent intervention to prevent loss of life or limbs. Moreover, sometimes only subtle or occult symptoms or signs are present in serious vascular injury patients. Patients may present late after initial trauma with symptoms of vascular insufficiency or embolization, pseudo-aneurysm, arterio-venous fistula, etc. By now, various vascular injury models have been introduced, including denudation of the endothelium by mechanical injury (wire, balloon catheters) [18, 19] . VEC apoptosis has been implicated in the pathophysiology and progression of peripheral vascular injury.
In this study, VECs obtained from thoracic aorta of female New Zealand white rabbit were treated with hypoxia for 3 h, and cellular apoptosis was observed by using flow cytometric analysis. We found that hypoxia could induce VEC apoptosis. The western blot results demonstrated that hypoxia treatment promoted Fas expression in VECs. Some investigators have reported that death receptors, such as Fas/CD95, undergo rapid internalization after triggering [20] and that Fas signaling enhances exocytosis after the initial wave of increased endocytosis [21] . Numerous recent studies have demonstrated the role of Fas-mediated cell death in the vasculature, and Fas/FasL-mediated apoptosis has been proposed to play a role in physiological and pathological renewal of cells in the vasculature [22] [23] [24] . Fas is ubiquitously expressed, whereas the expression of FasL, a membrane-bound factor, is typically confined to inflammatory cells and tissues that routinely encounter inflammatory cells [25, 26] . In our study, peripheral vascular injury was found to increase the apoptosis of VECs. However, HGF overexpression inhibited the apoptosis of VECs. Apoptosis is an important mechanism in maintaining growth, and the regulation of apoptosis contains a series of cascade reactions. Fas/FasL pathway plays an important role in vascular injuryinduced apoptosis. In this study, we proposed a possible molecular mechanism involved in HGF against apoptosis during vascular injury. Fas receptor and its ligand cluster and then start the apoptosis program after balloon catheter-stimulated vascular injury. After apoptosis receptor (Fas/FasL) is transmitted, the procaspase 8 forms a death-inducing signaling complex, then caspase 8 is activated by self-cleavage. The high expression of caspase 8 can increase the expression of Bax and decrease the expression of Bcl-2, which further leads to alterations of the downstream effector caspases, such as caspase 9 and caspase 3, and finally to apoptosis. Caspase 3 is a very important downstream caspase. It plays a pivotal role in both death receptor pathway and mitochondrial pathway. Experimental results showed that the extent of apoptosis was decreased after HGF overexpression. Although the FasL protein level showed limited change, the expression level of Fas was significantly decreased in HGF-overexpressing VECs where cell apoptosis was inhibited. Consequently, it was confirmed that vascular injury could induce the apoptosis of VECs during peripheral vascular injury, and that the caspase cascade reaction mediated by Fas/FasL might play an important role in vascular injury-induced apoptosis in VECs.
In addition, ASK1 was identified as a member of the mitogenactivated protein kinase (MAPK) kinase kinase family that activates two different MAPK cascades [27] . Constitutively active form of ASK1 has been reported to induce apoptosis in various types of cells [27] [28] [29] , while the kinase inactive mutant of ASK1 inhibits apoptosis induced by tumor necrosis factor-α and Fas ligation [27, 28, 30] . In the present study, we also showed that both ASK1 and JNK were increased during vascular injury-induced apoptosis in endothelial cells but were decreased by HGF overexpression, indicating that ASK1-JNK cascades play a role in the apoptosis of VECs in response to vascular injury. However, because signal transduction pathways are very complex, further research is required to determine if there are other simultaneous signal or transduction pathways of apoptosis involved and how they function exactly.
In conclusion, our results confirmed that peripheral vascular injury could induce apoptosis in VECs in vivo and that the caspase cascade reaction mediated by Fas/FasL might play a key role in this apoptosis. Moreover, HGF overexpression inhibits the apoptosis of VECs resulted from decreases in apoptosis pathway-related proteins. Further research is required to investigate the precise mechanism of impaired endothelial cells in peripheral vascular injury.
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